AD-A093  951 


UNCLASSIFIED 


OAVID  H  TAYLOR  NAVAL  SHIP  RESEARCH  AND  DEVELOPMENT  CE— ETC  F/6  11/6 
MECHANISM  OF  SULFIDE- ACCELERATED  CORROSION  OF  COPPER-NICKEL  (90— ETC (U) 


dec  60  ME  SCHRADER 
DTNSRDC -60/127 _ 


NL 


UN  (’LASS  1  FI  KP 


SECUTiTY  CLASSIFICATION  OF  THIS  PAGE  (Whan  Data  Fntarad) 


REPORT  DOCUMENTATION  PAGE 


J  ivi’nsrik: 


u.  GOVT  ACCESSION  NO. 


8(1/  1  J7  * 


itlE  £#n<f  Submui 


MKCIIANTSM  OF  ^UI.KTDK-JVCOKLKRATFI)  J^ORROSTON 
OF  C.om.R-NHTKFT.  (‘>(1-10)  Al.T.OV 
rfi  JjKAUATKR  , 


7  AuThORf*.) 


Maleolm  F.  Seh-rader  1 


9  performing  organization  name  ano  address 

O.ivitl  W.  Tavlor  Naval  Ship  KAO  Center  ^ 
Bethesda,  Marvlaml  DOOS-'i 


I  I  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Oaviil  W.  lav  lor  Naval  Ship  KAO  Center 
Bethesda,  Marvlaml  1)008 A 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


»  RECIPIENT'S  CATALOG  NUMBER 


OR-  AilNMU  A  ELEBIOD  COVERED 


'inal  t  ,  .. 


PERFORMING  ORG.  REPORT  NUMBER 


•  CONTRACT  OR  GRANT  NUMBER^; 


10  PROGRAM -et.e«l*NT.  PROJECT.  TASK 
AREA  A  WORK  UNIT  NUMBERS 

Crop  ram  FJptueut _ blilh'N 

Task  Areaj  /.KO.’.'OSOI 
Work  Unit  1! KIM- SO 7 


12  REPORT  DATE 

Ooo ember  WSO 


NUMBER  OF  PAGES, 

:-7  )■}'. 


*4  MON  I  TO  Pi  N  G  AGENCY  NAME  A  ADDRESS/!!  dlllatant  frnm  ('onlrolllnf  OtHc«)  15  SECURITY  CLASS  (of  thlm  rmport' 

ONCI.ASS  I  F I  FI) 


IS.  DECLASSIFICATION  DOWNGRADING 
SCHEDULE 


16  Distribution  statement  ,.,i  /*/»  R»p.vo 


AITKOVFO  FOR  P08l.il-  RF1.FASF ;  01  STRl  Ul’TI  ON  FNI.IMITFO 


t7  DISTRIBUTION  statement  <«/  th a  abstract  antarad  In  Block  JO.  It  ditfarant  from  Raport) 


19  KEY  WORDS  (Confirm*  on  r#v*rse  aid*  if  n*c#*««ry  And  Identify  fcv  block  numbar) 

St  nu  t  ura  I  Mat  nr  ia  I  s 
Sur  I  an'  Chum  i  st  rv 
Corn's  i an 


20  ABSTRACT  fConfinu*  on  tavataa  mida  It  nacaaamry  and  Idantlfy  bv  block  numbft) 

The  muulianism  ol  su 1 f i de- i ndm  ■  d  auuuluratuil  eorrosion  of  ‘>0-10  unpi-ui 
niukul  (iron)  allov  is  i  nvost  i  p,a  I  ml .  Samples  of  the  allov  am  exposed  to 
flowing  ( .  -i  meters  per  seeoml)  seawater,  with  ami  without  0.01  millip.rams 
pur  liter  sulfiiln,  ter  various  periods  of  time.  The  result  inp.  surfaees  .in 
examined  hv  means  ol  Aup.er  electron  speet  ruseepv  roup  led  with  inert- inn 

bombardment.  A  detailed  depth  profile  is  t  lierehv  obtained  ot  eeneen t r ,  1 1  i  eus 

i 

(Continued  on  reverse  side) 


I  JAN  73  1473  EOI  TlON  OF  »  NOV  «»  IS  OBSOLETE  H 

^  'n  on1:  (  r 


FNl'LASS!  FIFO 


SECURITY  CL  AiSlFlCATiON  OF  This  RAGE  Whan  Data  Rntara 


SECURITY  CLASSIFICATION  OF  THIS  PACE  fWim  D*lm  F.nfrnl) 


(Block  20  continued) 


in  the  surface  region  of  a  total  of  nine  elements.  The  results  are 
consistent  with  the  hypothesis  that  iron  hydroxide  segregates  at  the 
surface  to  form  a  protective  gelatinous  layer  against  the  normal 
chloride- Induced  corrosion  process.  Trace  sulfide  interferes  with 
formation  of  a  good  protective  layer  and  leaves  the  iron  hydroxide 
vulnerable  to  ultimate  partial  or  complete  debonding.  When  the  alloy 
is  first  exposed  to/^pure1^  seawater  for  a  prolonged  period  of  time, 
however,  subsequent  exposure  to  sulfide  is  no  longer  deleterious.  This 
is  apparently  due  to  a  layer  of  copper-nickel  salt  that  slowly  forms 
over  the  iron  hydroxide. 
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ABSTRACT 

The  mechanism  of  sulfide-induced  accelerated  corrosion 
of  90-10  copper-nickel  (iron)  allov  is  investigated.  Sam¬ 
ples  of  the  alloy  are  exposed  to  flowing  (2.4  meters  per 
second)  seawater,  with  and  without  0.01  milligrams  per  liter 
sulfide,  for  various  periods  of  time.  The  resulting  sur¬ 
faces  are  examined  hv  means  of  Auger  electron  spectroscopy 
coupled  with  inert- ion-bombardment .  A  detailed  depth  pro¬ 
file  is  thereby  obtained  of  concentrations  in  the  surface 
region  of  a  total  of  nine  elements.  The  results  are  con¬ 
sistent  witli  the  hypothesis  that  iron  hydroxide  segregates 
at  the  surface  to.  form  a  protective  gelatinous  layer  against 
the  normal  chi  or ide- induced  corrosion  process.  Trace  sul¬ 
fide  interferes  with  formation  of  a  good  protective  laver 
and  leaves  the  iron  hydroxide  vulnerable  to  ultimate  partial 
or  complete  debonding.  When  the  alloy  is  first  exposed  to 
"pure"  seawater  for  a  prolonged  period  of  time,  however, 
subsequent  exposure  to  sulfide  is  no  longer  deleterious. 

This  is  apparently  due  to  a  layer  of  copper-nickel  salt  that 
slowly  forms  over  the  iron  hydroxide. 


APMTN1 STRATTVE  INFORMATION 

This  investigation  is  part  of  an  in-house  research  program  of  the  David  W. 
Taylor  Naval  Ship  Research  and  Development  Center.  It  was  conducted  under  Program 
Klement  MIS2N,  Task  Area  ZRO 220801  ,  and  Work  Unit  282  1-507. 


INTRODUCTION 

Corrosion  of  copper-nickel  (iron)  (Cu-Ni(Fe))  alloy  used  in  piping  on  naval 
craft  usually  occurs  at  a  rate  sufficiently  low  so  that  a  vessel  can  remain  at  sea 
for  rears  without  developing  corrosion  associated  problems.  During  ship  construc¬ 
tion,  however,  the  material  at  times  has  exhibited  accelerated  corrosion  on  inter¬ 
nal  surfaces  which  is  specifically  associated  with  water  found  in  and  around  the 
harbor.  The  problem  appears  to  result  from  the  presence  of  sulfide  pollutants  near 
the  shore  line.  Conventional  analytical  methods  have  thus  far  failed  to  detect 
the  presence  of  sulfur  (Si  in  corrosion  films  formed  in  the  presence  of  sulfide. 

In  this  investigation  an  attempt  is  made  to  obtain  information  bearing  on  the 
mechanism  of  sul f ide-acoeler.it ed  corrosion  bv  using  Auger  electron  spectroscopy 
(AFS)  combined  with  ion-bombardment  profiling  in  the  analysis  of  corrosion  films. 


1 


It  is  reasonable  to  assume  that  an  understanding  of  the  problem  of  sulfide- 
accelerated  corrosion  depends  on  an  understanding  of  the  normal  corrosion  mechan¬ 
ism  of  Cu-Ni(Fe)  alloy.  This,  in  turn,  is  based  on  the  corrosion  mechanism  of 

1* 

copper,  the  major  component  of  the  alloy.  Morr  and  Beccaria  have  found  the 

minerals  malachite,  Cu(OH)  'CuCO.,  and  atacamite,  Cu(OH)  *Cu(OH)Cl ,  in  the  corro- 

1  i  1  2 

sion  products  of  copper  in  seawater.  Bacarella  and  Griess  found  the  primary 

reaction  product  of  the  anodic  dissolution  of  Cu  in  seawater  to  be  CuCl^  .  The 

anodic  process  was  under  diffusion  control  and  its  rate  was  proportional  to  the 

square  of  the  chloride  ion  (Cl  )  concentration.  The  rate  determining  diffusion 

step  consisted  of  diffusion  of  the  CuCl.  complex  ion  corrosion  product  away  from 

3  .  1 

the  surface.  Efird,  using  electrochemical  hysteresis  methods,  studied  CuNi(Fe) 
alloy  in  aerated  natural  seawater.  He  proposes  the  following  mechanism  for  the 
anode  process?  In  the  passivation  region,  copper  is  first  oxidized  to  cuprous, 

2Cu  +  H?0  -*  Cu70  4-  2H+  +  2e.  In  the  general  corrosion  region,  the  primary  corro¬ 
sion  reaction  is  oxidation  of  copper  to  cuprous,  with  formation  of  the  chloride 

complex,  Cu  +  2C1  -*•  CuCl„  +  e,  followed  by  the  hydrolysis  2CuCl_  +  H..0  -+■  Cu  .0 
+  -  ^  4  2  2  / 

+  2H  +  4C1  .  Ijsseling  and  Krougman,  investigating  90-10  Cu-Ni(Ke)  and  using 

scanning  electron  microscopy  with  X-ray  microanalysis,  found  a  layered  structure 

in  the  corrosion  products,  with  intermingling  between  the  layers.  They  describe 

the  top  layer  as  grayish-green,  varying  strongly  in  thickness,  and  consisting 

"mainly  of  biological  material  plus  some  atacamite."  The  "dark  brown  layer  under 

the  top  layer  is  enriched  in  iron  and  manganese  and  depleted  in  copper  and  nickel. 

Beneath  that  is  a  green  layer  of  atacamite,  and  under  that  a  layer  of  cuprous 

oxide,  interchanged  with  atacamite.  Ail  this  was  obtained  in  very  slowly  moving 

seawater.  Tn  genera],  the  authors  Find  that  "well-protecting  films,  resulting  in 

low  corrosion  currents,  are  amorphous,  rich  in  iron  and  nickel,  and  depleted  in 

copper."  Faster  flow  velocities  of  seawater  tend  to  favor  formation  of  thinner, 

more  protective  films. 

There  have  been  a  number  of  studies  of  Cu-Ni(Fe)  corrosion  in  seawater  which 
have  been  reported  after  the  present  work  was  underway.  MacDonald,  Svrett,  ard 
Wing^  studied  the  corrosion  of  90-10  and  70-30  Cn-Ni(Ke)  alloy  exposed  for 


*A  complete  listing  of  references  is  given  on  page  21. 
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approximately  ten  days  to  seawater  flowing  at  5.3  ft/sec  (1.62  m/s),  by  using  a .  c . 
impedance,  linear  polarization,  and  potential  step  measurements  to  determine  the 
polarization  resistance  (a  measure  of  corrosion  resistance).  They  reported  the 
effect  of  oxygen  concentration  and  of  the  presence  of  sulfide  in  seawater,  as  well 
as  differences  between  the  90-10  and  70-30  alloys.  They  found  that  at  low  oxygen 
concentration  the  corrosion  process  was  cathodically  controlled,  while  at  high 
oxygen  concentration  it  was  anodically  controlled.  At  low  oxygen  concentration 
the  70-30  alloy  is  more  corrosion  resistant,  while  at  high  oxygen  concentrat ion 
the  resistance  of  70-30  alloy  decreases  suddenly  to  that  of  the  90-10  alloy. 

For  each  alloy,  the  corrosion  resistance  generally  increases  with  increasing 
oxygen  concentration.  They  found  two  relaxation  processes,  one  of  which  was  con¬ 
sistent  with  a  mechanism  of  ion  or  electron  transport  through  a  surface  film  of 
uneven  thickness.  Their  AES  studies  showed  cupric  and  nickel  oxide,  with  possible 
cupric  hydroxy  chloride,  as  the  components  of  the  corrosion  layer. 

Upon  introducing  sulfide,  the  authors  found  a  breakdown  in  passivity.  This 
effect  persisted  with  changing  concentration  of  sulfide,  down  to  0.85  mg/1,  the 
lowest  concentration  used.  The  corrosion  film  consisted  of  cuprous  sulfide,  mainly 
in  the  orthorhombic  form.  Cubic  cuprous  sulfide,  and  copper-rich  cuprous  sulfide, 
were  present  in  minor  amounts.  The  authors  interpret  their  results  as  indicating 
that  there  is  a  substantial  change  in  the  mechanism  of  corrosion  when  sulfide  is 
present  in  the  seawater.  Thev  suggest  that  whereas  the  reduction  of  oxygen  is 
normally  the  only  viable  cathodic  process,  in  the  presence  of  sulfide  the  evolu¬ 
tion  of  hvdrogen  becomes  possible.  In  their  view  this  then  becomes  the  new 
cathodic  process  and  is  responsible  for  the  accelerated  corrosion.  It  should  be 
noted  at  this  point  that  the  sulfide  concentration  used  in  the  present  study, 

0.01  mg/1,  is  nearly  two  orders  of  magnitude  less  than  the  lowest  used  by 
MacDonald,  Syrett,  and  Wing. 

Wilson*1  used  AES  to  studv  the  corrosion  films  which  had  been  formed  on  90-10 
Cu-Ni(Fe)  alloy  while  it  was  immersed  in  slowly  flowing  heated  fresh  seawater. 

The  purpose  of  his  investigation  was  "to  determine  whether  the  seawater  corrosion 
product  composition  was  related  to  the  iron  distribution."  Iron  distribution 
refers  to  the  amount  of  "preefpitated,"  or  "second  phase"  iron,  as  compared  to 

iron  in  solid  solution,  at  constant  iron  composition.  Tt  had  already  been  found 

7  * 

bv  Ross  that  the  corrosion  rate  was  not  affected  by  the  iron  distribution  at 
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ambient  temperature.  With  heated  seawater,  however,  the  corrosion  rate  was 
directly  proportional  to  the  amount  of  precipitated  iron.  Wilson  found  that  nickel 
enrichment  in  the  corrosion  layer  was  inversely  proportional  to  the  amount  of 
precipitated  iron.  The  corrosion  rate  is,  therefore,  inversely  proportional  to 
the  amount  of  iron  in  solid  soLution.  It  was  inferred  that  iron  in  solid  solution 
(bat  not  precipitated  iron)  promotes  the  enrichment  of  nickel  in  the  corrosion 
layer,  which  in  turn  reduces  the  corrosion  rate.  H.  P.  Hack  and  .1.  P.  Gudas  have 
exposed  Hfl-10  and  70-10  Cu-Nt(Fe)  al lov  to  natural  seawater  for  the  purpose  of 
determining  "the  ability  of  a  normal  corrosion  product  film  to  prevent  sulfide- 
induced  corrosion."  After  "preexposure  to  natural  seawater  for  0,  10,  or  120 
davs,"  tlu y  found  that  the  "120-dav  preexposures  were  sufficient  to  form  a  pro¬ 
tective  corrosion  product  litm  that  prevented  sulfide-induced  attack,"  while  the 
"10-day  preexposures  were  inadequate." 


METHOD 

The  Cu-Ni(Fe)  alloy  consisted  essentially  of  88  percent  Cu,  0 . 3  percent  Ni, 
and  1.1  percent  Fe.  Less  than  0.1  percent  of  each  of  manganese,  zinc,  lead, 
phosphorus ,  and  sulfur  were  also  present.  Samples  of  the  alloy,  measuring  1/2  in. 
x  1/4  in.  x  1/16  in.  (1.27  cm  x  I.dl  cm  x  0.110  cm),  were  clamped  in  a  fig  and 
immersed  in  seawater  flowing  parallel  to  the  1/2  x  3/4  faces  at  a  velocity  of 
8  1 1  /si'i  (2.4  m/r.)  .  AH  immersions  were  carried  out  at  the  l.aQuo  Center  for  Cor¬ 
rosion  Technology,  Wrightsvi 1 le  Reach,  North  Carolina.  Samples  were  exposed  to 
natural  seawater  without  additions,  designated  as  "fresh  seawater"  (FSW),  and  to 
seawater  containing  added  sulfide  (SSK)  in  concentrations  of  0.01  mg/1.  Some 
samples  also  were  exposed  to  seawater  containing  added  Fe  ion.  During  all  ex¬ 
periments,  samples  were  removed  .tiler  10,  60,  and  00  davs.  Samples  for  each  set 
of  conditions  were  exposed  in  quadruplicate.  Following  removal  they  were  wrapped 
in  tint-free  tissue,  packaged  in  plastic  petrf  dishes,  and  mailed  to  DTNSKPC. 
Samples  representing  each  seawater  exposure  condition  were  then  placed,  as  re¬ 
ceived,  in  the  ult.rahigh  vacuum  carousel  multiple  sample  holder  for  AKS  analyses. 
The  AF.S  was  performed  in  an  ultr. thigh  vacuum  system  containing  a  eylindric.il  miner 
unali’/er  with  a  3  kV  integral  elec  iron  gun  and  an  ion-hombardment  gun  for  depth 
prof i 1 ing. 


RESULTS 
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The  samples  which  were  removed  from  FSW  after  30  days  possessed  a  corrosion 
layer  with  a  dark  color  superimposed  on  the  original  copper  color  of  the  alloy. 
Those  exposed  to  FSW  for  60  days  had  both  dark  and  gray-blue  patches.  Those 
exposed  to  FSW  for  90  days  were  covered  almost  completely  with  a  gray-blue  layer, 
which  seemed  to  cover  the  dark  layer.  The  corrosion  film  on  all  these  three  sets 
was  intact  and  appeared  to  adhere  well.  The  samples  exposed  to  SSW  for  30  days 
appeared  somewhat  lighter  in  color  than  the  30-day  FSW  set.  On  those  exposed  to 
SSW  for  60  days  the  corrosion  layer  was  starting  to  peel  off  in  isolated  spots, 
exposing  a  bright  surface  with  the  appearance  of  the  original  alloy.  On  the  90-day 
SSW  exposed  surface  there  was  considerable  peeling  of  the  corrosion  layer  to 
expose  the  copper  colored  surface  underneath. 

Auger  electron  spectroscopy  with  ion-bombardment  profiling  (Figure  1)  of  the 
30-dav  exposed  FSW  surface  yielded  a  number  of  noteworthy  features.  The  outer 
layer,  after  3  min  ion  bombardment,  contained  carbon,  oxygen,  chlorine,  sulfur, 
copper,  nickel,  iron,  calcium,  and  potassium.  Additional  carbon,  from  the  over¬ 
layer  of  organic  molecules  deposited  on  air-exposed  surfaces,  was  probably  removed 
during  the  first  3  min.  Potassium,  sulfur,  and  the  remaining  carbon  decreased 
steadily  from  their  initial  values  during  the  course  of  ion  bombardment.  Calcium 
and  chlorine,  with  minor  fluctuations,  also  followed  this  behavior.  Copper  re¬ 
mained  reasonably  steady  during  the  first  45  min  then  started  to  increase  rapidly. 
Nickel  increased  slowly  at  first  then  started  to  increase  rapidly  at  about  40  min. 
Tron  increased  rapidly  for  45  min,  then  decreased  fairly  rapidly.  Oxygen  decreased 
slowly  for  45  min,  then  decreased  fairly  rapidly,  at  the  same  rate  as  iron.  The 
behavior  of  iron  was  striking,  in  two  respects.  First,  as  mentioned,  it  was  the 
only  constituent  (of  the  corrosion  film)  to  go  through  a  substantial  maximum  well 
into  the  corrosion  film.  Second,  and  even  more  striking,  is  the  fact  that  al¬ 
though  iron  is  onlv  1  1/2  percent  of  the  bulk  alloy  composition,  it  is  present 
in  larger  amounts  than  either  copper  or  nickel  in  the  corrosion  film. 

The  AF.S  analysis  (Figure  2)  of  the  30-dav  exposed  sulfide-containing  seawater 
(SSW)  yielded  many  similarities,  but  also  some  interesting  differences,  to  the  FSW 
surface.  The  entire  curve  was  expanded  along  the  time  axis  as  compared  to  the  FSW 
sample.  This  may  be  due  either  to  a  change  in  the  physical  nature  of  the  film, 
or  merely  to  a  variation  in  the  ion-bombardment  conditions.  For  example,  if  the 
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Figure  1  -  Depth  Profile  of  Elements  in  Surface  Region  as  Determined  bv 
Auger  Electron  Spectroscopic  Analysis  During  Ton-Bombardment: 
Copper-Nickel  (Iron)  Alloy  Exposed  to  Fresh 
Seawater  for  30  Days 
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Incident  electron  beam  for  Auger  analysts  is  torusod  near  the  top.  rather  than  the 
hot  tom,  of  the  ton-bombardment  crater,  the  entire  profiling  procedure  would  appear 
to  have  slowed  down.  Kxcept  for  the  time  factor,  the  iron  curve  is  verv  similar 
to  the  previous  one.  The  oxygen  curve  is  also  similar,  especially  on  the  tight 
side  ot  the  iron  maximum.  l’otassium,  calcium,  and  carbon  are  roughly  similar. 
Sulfur  and  chlorine,  however,  show  Interesting  differences.  In  FSW,  sulfur  is 
present  in  moderate  amounts  at  the  start  of  profiling,  and  decreases  routinely 
thereafter.  In  the  SSW,  sulfur  jtiies  through  a  verv  large  and  sharp  maximum  durinp, 
thi'  first  few  minutes  of  i on -bomba rdmen t ,  thereafter  decreasing  routinely  from 
that  value.  Chlorine  behaves  similarly  to  sulfur  durinp,  the  first  few  minutes  of 
profiling,  except  that  the  maximum  is  not  as  hiph  or  as  sharp. 

The  AKS  analysis  ol  the  tiO-dav  FSW  samp Iv  was  rather  difficult  to  perform. 

The  gra  v  i  sh-b  I  tie  patch«*s  were  insiil.it  lup  films  and  yielded  only  charpinp  and  dis- 
charpinp  signals.  The  dark  patches  were  also  somewhat  insulating,  but  yielded 
Anger  spectra  during  the  course  of  ion -bombardment  .  On  these  dark  patches  (Fig¬ 
ure  'I  iron  was  present  in  an  amount  roughly  equal  to  copper  or  nickel  at  the 
beginning,  gradually  decreasing  as  Oil  and  Nl  increased  and  as  the  ion-bombardment 
exposed  the  substrate.  There  was  very  lift  le  sulfur  in  the  film.  Chlorine,  how¬ 
ever,  was  present  in  significant  amounts  and  went  through  a  maximum  during  the 
prof i 1 i ng . 

The  AKS  on  the  M'-dav  SSW  samples  was  performed  both  on  areas  covered  with 
corrosion  film  (figure  a )  and  on  hare  areas  (Figure  '0.  On  the  corrosion  film, 
potassium  and  carbon  were  present  in  small  amounts,  while  copper  and  nickel  in¬ 
creased  routinely  with  ion-bomba rdment  Iron  increased  with  ion-bombardment  and 
appeared  to  he  going  through  a  broad  maximum.  Sulfur  went  through  a  broad  maximum, 
qua  1  i t a t i vel v  paralleling  that  of  iron.  Chlorine  increased  rather  sharpie  then 
levelled  off  and  declined  slowly,  while  calcium  went  through  a  maximum.  The  max 
i m a  or  levelling  off  points  o  t  iron,  sn I  I u  r .  chlorine,  and  some times  c  a  I c i urn ,  all 
oeeurred  in  approx imat e I v  the  same  region  ot  the  t  {me  axis.  Oxvgeit  wont  through 
a  relatively  early  maximum.  Chlorine  went  through  a  sharper  and  higher  maximum 
than  sulfur  and  peaked  somewhat  later. 

The  AFS  analysis  on  the  bare  spots  ot  a  hO-dav  SSW  sample  yielded  seme 
features  strikingly  different  than  on  corrosion  films  of  the  same  sample.  Iron 
peaked  rapidly  alter  commencement  el  i on -bomba rdmen l  and  was  present  In  verv  large 
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amounts  (up  to  threo  t imos  as  groat  as  ooppor)  for  prolonged  periods  during  ion- 
bombardment  .  From  the  beginning  sulfur  was  present  in  large  amounts  and  went 
through  a  high  and  relatively  broad  (oomparod  to  10-dav  SSW)  maximum.  Chlorine 
was  present  in  substantially  smaller  amounts  than  sulfur.  Oxvgen  concentration 
was  high  along  with  the  iron. 

The  ACS  analysis  on  SO-dav  exposed  FSW  samples  at  first  yielded  spectra 
with  most  peaks  either  undetectable  or  too  small  for  useful  measurement ,  due  to 
tin1  insulating  characteristics  of  the  thick  corrosion  film.  Increase  of  the 
incident  beam  current  from  10  |iA  to  IS  pA,  however,  resulted  in  useful  spectra 
with  measurable  peaks.  The  copper  and  nickel  content  (Figure  hi  of  these  curves 
was  greater  than  the  iron  content.  The  nickel  curve  was  sometimes  greater  than 
copper,  and  in  general,  was  higher  relative  to  copper  than  to  bulk  composition. 
There  was  also  evidence  of  silicon  and  magnesium,  possibly  in  substantial  amounts. 
AKS  analysis  on  dO-dav  exposed  SSW  samples  once  again  yielded  sharp  dif¬ 
ferences  between  corrosion  film  (Figure  7)  and  bare  spots  (Figure  8).  Now,  how¬ 
ever,  the  bare  spot  composition  was  1 ow  in  iron  and  sulfur,  high  in  copper  and 
nickel,  and  enormously  high  in  chlorine.  The  chlorine  peaks  were  many  fold  greater 
than  any  others,  and  had  to  be  measured  at  reduced  sensitivity.  The  corrosion 
film,  on  the  other  hand,  was  relatively  high  in  iron,  oxygen,  and  sulfur,  and 
greatly  reduced  in  chlorine. 

Samples  which  were  exposed  for  TO,  hO,  or  dO  days  to  seawater  containing 

f-  | 

added  Fe  ions  (0.1*  mg/ml),  contained  a  loose lv  adhering  rust-eolorcd  powdery 
laver.  AFS  analysis  confirmed  that  the  rust-colored  layer  was  iron  oxide. 

msmssioN 

Fxposure  of  (’ti-Ni(Fe)  specimens  to  the  flowing  FSW  yielded  specimens  with  da  ’- 
coatings  after  TO  davs,  dark  and  blue-grav  patches  after  b0  days,  and  a  nearly 
complete  blue-grav  coating  after  SO  davs.  The  blue-grav  coating  was  apparently 
growing  over  the  dark  coating.  The  AFS  analysis  indicates  that  the  dark  coating 
was  a  conduct ing  laver,  highly  enriched  in  iron  oxide.  The  blue-grav  coating  is 
an  insulator  which  is  richer  in  copper  and  nickel  than  in  iron,  and  is  especially 
rich  in  nickel.  It  may  also  contain  siliceous  minerals  depos  i  t ed  hv  the  seawater. 

A  previous  investigation'  has  described  corrosion  layers  on  Cu-Ni(lo)  in  which  the 
upper  layer  consisted  of  atacamite  (a  eoppor-hvdroxv  chloride),  the  next  laver  was 
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Figure  8  -  Auger  Electron  Spectroscopic  Analysis  of 
Bare  Area  on  Surface:  Copper-Nickel  (Iron) 
Alloy  Exposed  to  Sulfide-Containing 
Seawater  for  9(1  Days 
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enriched  in  iron,  and  below  that  was  more  atacamite.  The  detailed  nature  of  the 
corrosion  layer  varied  with  the  velocity  of  flow  of  the  seawater.  Our  observation 
in  this  work  confirms  the  existence  of  an  iron-rich  layer,  and  indicates  that  it 
forms  rather  rapidly,  i.e.,  within  the  first  few  weeks,  on  the  alloy  surface.  The 
almost  perfect  parallel  decrease  of  oxygen  and  iron  during  ion-bombardment  profil¬ 
ing  indicates  that  this  iron  is  present  in  the  form  of  an  oxide.  Our  results  also 
indicate  that  copper  and  nickel  slowly  grow  over  this  iron  layer,  probably  form¬ 
ing  a  silt,  which  is  nonconducting  when  dry.  The  bluer  portions  may  be  atacamite, 
while  the  grayer  part  of  this  outer  layer  is  apparently  a  nickel-rich  salt.  The 
presence  of  iron  in  the  alloy  is  known  to  provide  corrosion  protection.  We  con¬ 
sequently  propose  the  following  mechanism  for  formation  of  the  corrosion  layer. 


Cu 


Cu+  + 


(1) 


Cu+  +  2C1~  -*•  CuCl  ? 


(21 


Summing  (11  and  (2)  gives  the  anode  reaction  for  copper 


Cu  +  2C1  •>  CuCl +  e 


(  11 


Tf  the  cathodic  reaction  is  due  to  dissolved  molecular  oxygen,  then 


1/20,,  +  H20  +  2e  -*  20H 


(4a) 


Tf,  on  the  other  hand,  the  cathodic  reaction  involves  reduction  of  the  hvdrogon 
ion,  then 


lb 


(4b) 


H+  +  e  -*■  1/2H 


instead  of  (4a) . 


Fe  -*■  Fe44"  +  2e 


(5) 


Fe44  +  20H~  -*  F e  (  OH )  2 


(M 


Summing  (4)  and  (b)  gives  the  anode  reaction  for  iron. 


Fe  +  20H  -+  Fe ( OH )  ^  +  2e 


Once  again,  the  proposed  cathodic  reaction  is  (4a)  or  possibly  (4b). 

Tlie  basic  corrosion  process  of  the  alloy  consists  of  equation  (3),  wherein 
copper  is  oxidized  to  the  cuprous  state,  which,  in  the  absence  of  Cl  ,  would  form 
an  insoluble  hydroxide  on  the  surface,  impeding  propagation  of  the  reaction. 

In  the  presence  of  Cl  ,  however,  the  Cu+  forms  the  soluble  complex  CuCl0  ,  which 
is  then  rapidly  carried  away  allowing  the  corrosion  reaction  (removal  of  copper) 
to  propagate.  Iron  in  the  allov  competes  with  the  copper  for  the  oxidizing  agent 
in  the  cathodic  reaction  (i.e.,  0^  or  possiblv  H+)  ,  thereby  acting  as  a  sacrificial 
anode.  Because  the  reduction  potential  of  iron  is  considerably  lower  (oxidation 
potential  considerably  higher)  than  copper,  it  will  oxidize  more  rapidly  and 
segregate  at  the  surface.  Alternatively,  the  0^  (or  H+)  may  oxidize  Cu  to  form 
Cu+,  equations  (1)  and  (4),  to  be  followed  immediately  by  reduction  of  Cu+  bad  to 

f  | 

Cu  bv  the  iron,  equation  (3)  and  equation  (1)  reversed.  The  Fe  then  combines 
with  Oil  to  form  the  Fe(OH),,  equation  (6).  In  either  case  the  result  is  the 
same,  with  the  iron  acting  as  a  sacrificial  anode  to  form  iron  hvdroxide,  or  some 
other  hvdroxide  The  iron  hydroxides  constitute  a  gelatinous  precipitate  which 
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acts  as  a  barrier  to  ready  access  of  solutes  in  the  seawater,  such  as  0,,  or  Cl  , 
to  the  alloy  surface,  and  also  to  diffusion  of  reaction  products  away  from  the 
surface.  It  is  then  necessary  for  the  reaction  to  propagate  bv  means  of  diffusion 
across  the  relatively  impermeable  iron  hydroxide  layer,  a  much  slower  process. 
Formation  of  the  Fe(OH),  layer  should,  in  principle,  take  place  at  a  maximum  rate 
at  the  very  beginning,  then  slowing  down,  perhaps  logarithmically,  or  even  slower, 
witli  respect  to  time.  The  slowing  down  should  take  place  both  because  of  the  de¬ 
pletion  of  iron  in  the  region  of  the  substrate  alloy  near  the  interface,  and  because 
of  tin-  increased  time  necessary  for  the  iron  to  diffuse  across  the  Fe(OH).,  layer 
as  that  layer  thickens.  As  the  Fe(OH),  layer  builds  up  rapidly  during  the  first 
few  weeks  of  exposure,  nickel  and  copper,  with  oxidation  potentials  lower  than 
iron,  will  oxidize  slowly  to  the  ionic  form,  and  start  difrusing  through  the  iron 
hvdroxido  laver.  The  nickel  presumably  leaves  the  surface  as  a  simple  ion  and 
the  copper  as  the  complex  CuCl.,  .  As  they  approach  the  outer  surface  of  the  iron 
hydroxide  some  of  these  ions  oxidize  further  and  hydrolyze  to  form  the  insoluble 
coating  over  the  iron  hydroxide  layer.  For  example. 


2CuCl?  +  1/20.,  +  OH"  +  H,0  >  Cu,(0H)^Cl  +  301 


(7) 


yields  atacamite.  This  coating  is  the  blue-gray  layer  which  forms  within  a  period 
of  two  to  four  months. 

For  the  case  of  exposure  of  the  Cu-Ni(Fe)  allov  to  seawater  containing  sulfide 
at  0.01  mg/ 1  concentration,  the  basic  change  seems  to  involve  interference  with 
adhesion  to  the  surface  of  the  protective  iron  hydroxide  layer.  Sulfide  ions  will 
convert  Fe(0H).,  to  FeS,  thereby  changing  a  tight  protective  amorphous  coating  to  a 
porous  partially  crystalline  one.  This  porosity  allows  the  .eawnter  access  to  the 
allov  substrate,  where  the  main  corrosion  reaction,  Cu  +  2C1  CuCl,  +  o,  will 
gradually  debond  the  corrosion  layer  from  the  surface.  Also,  the  corrosion  layer 
itself  may  tend  to  disintegrate,  possibly  aided  hv  oxidation  of  FeS  to  PeSO, . 

Under  these  conditions  the  layers  of  nickel  and  copper  hydroxide,  or  hydroxy- 
chloride,  do  not  form  over  the  iron-rich  layer.  The  AF.S  curves  for  each  surface 
show  far  greater  quantities  of  S  in  corrosion  layers  formed  in  sulfide-containing 
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seawater  than  in  samples  exposed  an  equal  amount  of  time  to  fresh  seawater.  The 
AF.S  curve  for  30-dav  SSW  picks  up  a  high  S  maximum  at  the  outer  surface  of  the 
iron-rich  corrosion  layer,  followed  by  a  consistent  decrease  with  distance  towards 
the  substrate.  Apparently  the  buildup  of  iron  hydroxide  is  countered  by  a  removal 
mechanism,  which  involves  first  the  adsorption  or  incorporation  of  S  ,  followed  by 
its  removal  along  with  the  removal  of  iron.  When  bare  surfaces  are  exposed  by 
debonding  of  the  corrosion  layer  after  formation  of  the  iron  hydroxide  layer  is 
substantially  complete,  and  the  substrate  depleted  of  iron  near  the  interface,  they 
show  CuCl  ,  with  CM  facing  outward.  If  the  formation  of  iron  hvdroxide  is  not 

complete,  the  bare  substrate  mav  be  iron  rich.  When  a  nickel-  or  copper-hydroxide 

insoluble  salt  forms  over  the  iron-rich  layer,  it  apparently  prevents  subsequent 
attack  bv  sulfide. 

CONCLUSIONS 

1.  Corrosion  of  Cu-Ni(Fe)  alloy  in  fresh  open  seawater  (presumably  caused  bv 

oxidation  of  copper  followed  by  formation  of  the  soluble  CuCl„  complex  ion),  is 
very  strongly  inhibited  by  formation  of  a  protective  layer  of  amorphous  iron 
hydroxide  at  the  surface.  The  formation  of  the  iron  hydroxide  layer  is  caused  by 

the  favorable  free-energv  decrease  which  occurs  upon  oxidation  of  iron  at  the 

sur I  ace . 

2.  The  presence  of  trace  quantities  of  sulfide  ions  in  seawater  interferes 
with  formation  of  the  protective  amorphous  iron-hvdroxide  layer,  leaving  the  sur¬ 
face  partially  exposed  to  Cl  induced  corrosion. 

1.  Three  months  or  more  exposure  of  the  alloy  to  fresh  (sul f ide- f ree)  sea¬ 
water  allows  time  for  formation  of  a  layer  of  insoluble,  strongly-adhering,  nickel- 
copper  salt  over  the  iron  hvdroxide  laver.  This  layer  may  he  responsible  for 
preventing  subsequent  attack  on  the  iron  hydroxide  bv  sulfide  ions. 

RKC0MMF.NDAT1  ONS 

1.  The  use  of  a  stimulated  iron  anode  in  seawater  near  Cu-Ni(Fe)  piping  has  been 
proposed  hv  DTNSRDC  and  found  to  he  effective  for  protection  against  sulfide- 
induced  accelerated  corrosion  in  laboratory  tests.  The  method  has  been  successful 
in  some  field  trials,  unsuccessful  in  others.  Evaluation  of  this  method  should  he 
continued  until  a  firm  conclusion  is  reached  as  to  its  reliability. 
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2,  An  alternative  method  of  protection  should  be  developed  by  investigating 
methods  of  accelerating  formation  of  the  outer  layer  which  is  formed  over  the  iron 
hydroxide . 

3.  Efficacy  of  the  protective  layers  thus  formed  should  be  determined  for 
continuous  exposure  to  various  sulfide  concentrations  over  long  periods  of  time. 
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